The annual cycle of day length (photoperiod) is a noise-free indicator of phase in the geophysical cycle, and therefore, a relatively accurate predictor of local energy availability. Not surprisingly, photoperiod drives seasonal transitions in physiological processes that bear critically on fitness (e.g., reproduction, host defense; Bronson, 1989; Nelson et al., 2002) . Under laboratory conditions, seasonal adaptations can be elicited Abstract Siberian hamsters (Phodopus sungorus) exhibit changes in immune function following adaptation to short photoperiods, including a marked attenuation of energetically expensive thermoregulatory and behavioral responses to gram-negative bacterial infections. Whether this seasonal attenuation of the immune response is idiosyncratic to gram-negative infections or is representative of innate immune responses in general is not known. If seasonal attenuation of responsiveness to infection is indeed driven primarily by anticipation of energetic constraints, then one would predict that responsiveness to all pathogens would be diminished during short days. If, on the other hand, seasonal changes in responsiveness to infection reflect anticipation of specific pathogens that are common at different phases of the annual cycle, then one would expect short photoperiods to attenuate responsiveness to some pathogens and long photoperiods to attenuate responsiveness to others. To resolve this issue, we exposed male Siberian hamsters to either long or short photoperiods for 11 weeks, then examined their behavioral sickness responses to compounds that represent the minimally immunogenic components of gram-negative bacterial (lipopolysaccharide), gram-positive bacterial (muramyl dipeptide), and viral (polyinosinepolycytidylic acid) organisms. Hamsters exhibited anorexic, anhedonic, ponderal, and/or thermoregulatory sickness behaviors to all 3 pathogen mimetics, but in all cases in which sickness responses were evident, they were attenuated in short days. Energetically costly behavioral responses to several distinct classes of infectious organisms are attenuated in anticipation of winter. The data are not consistent with a pathogen-specific seasonal modulation of innate immune responses.
by manipulations of day length alone (reviewed in Prendergast et al., 2002) .
The winter immunoenhancement hypothesis (Nelson and Demas, 1996) proposes that in environments that undergo seasonal changes in energy availability, selection should favor individuals that display enhanced immune function during the winter. Redirecting metabolic energy stores toward improved immune function allows animals to better contend with the stressors (e.g., decreased temperature and food availability) of winter, at a time of year when reproductive efforts are less likely to succeed. Conversely, during the breeding season, energetic trade-offs favor reproduction, and immune function is relatively impaired .
Siberian hamsters exhibit photoperiodic changes in reproductive and immune function. Short photoperiods (<13 h light/day) initiate gonadal regression and induce changes in numerous aspects of immune function, including increases in T and B lymphocytes (Bilbo et al., 2002a; Yellon et al., 2005) , enhanced lymphocyte function (Yellon et al., 1999) , and attenuated antibody responses (Demas and Sakaria, 2005) . Species differences in immune responses to photoperiod exist, but a general trend toward improved immune function under short days is evident among long-day-breeding rodents (Nelson, 2004) .
Although a principal function of the immune system is to keep pathogens from entering the host, infections often occur. Sick animals exhibit changes in behavior and physiology shortly after the recognition of pathogens by the innate immune system (termed the acute-phase response, or APR). Infectioninduced changes in behavior arise from cytokines acting in the brain (Dantzer, 2001) and include anorexia, anhedonia, lethargy, and fever (Hart, 1988) . These "sickness behaviors" are highly conserved across taxa; they reflect organized, adaptive strategies initiated by the host, and they are critical to survival (Hart, 1988) . Sickness behaviors are also energetically costly, however (e.g., anorexia combined with fever). Because the generation of sickness behaviors is limited by energy availability , winter immunoenhancements include, paradoxically, decreases in infection-induced cytokine production and sickness behaviors (Bilbo et al., 2002b) . Following treatment with bacterial lipopolysaccharide (LPS, the minimally immunogenic component of the gram-negative bacterial cell wall), the severity of anorexia, anhedonia, fever, and somatic wasting is attenuated in short-day relative to long-day hamsters (Bilbo et al., 2002b) . The attenuation of sickness behaviors by short-day hamsters may optimize energy use and has been argued to facilitate survival (Nelson, 2004) , although it remains unclear whether the APR under short days is adequate to clear an invading pathogen. At a minimum, short-day decreases in inflammatory cytokine production result in longer survival times following endotoxemia, which provides additional days for recovery from severe infections (Prendergast et al., 2003) .
Seasonal changes in energy availability and specific pathogen prevalence may covary in nature. Bacterial infections are more common among fish during summer, whereas viral infections peak during winter (Ortega et al., 1995) . In pigs, rhinitis associated with gram-negative Klebsiella bacterial infections peaks during the summer months; gram-positive and viral pneumonias peak during the winter (Cowart et al., 1992) . Analogous data exist in humans for diseases of the skin (Yalcin et al., 2006) and the respiratory tract (Lieberman et al., 1996) . Just as changes in photoperiod predict food availability and temperature, day length may also predict changes in the species of infectious organisms prevalent in the environment . Seasonal changes in the APR to different classes of pathogens have never been empirically examined. Indeed, effects of photoperiod on the APR have only been investigated using LPS to mimic gram-negative infections. Thus, whether the suppressive effect of short days on the APR is idiosyncratic to LPS or is representative of innate responses to infections in general is not known. Given that different pathogens appear to predominate at different times of year, it is difficult to interpret short-day abrogation of LPS-induced sickness behaviors as exclusively supporting the winter immunoenhancement hypothesis. According to the winter immunoenhancement hypothesis, the adaptive significance of photoperiodic alterations in immune function lies in the conservation of energy at a time of year when food is scarce and temperatures are lower (Nelson, 2004) . Alternatively, seasonal changes in the APR may have evolved to match the prevalence of specific pathogens in the field. If winter attenuation of the APR is indeed driven primarily by energetic constraints, one would predict short days to attenuate responsiveness to any pathogen capable of eliciting the APR. If, however, photoperiodic changes in the APR are driven by an anticipation of the more common pathogens at a given phase of the annual cycle, one would predict short days to attenuate responsiveness to some pathogens and long days to attenuate responsiveness to others. In the absence of field data on specific pathogens that Siberian hamsters must contend with in nature, we addressed this issue by assessing sickness responses of Siberian hamsters following treatment with agents that represent the minimally immunogenic components of common pathogens, including gram-negative bacterial, gram-positive bacterial, and viral microorganisms.
MATERIALS AND METHODS

Animals and Housing
Male Siberian hamsters (Phodopus sungorus) were obtained from a laboratory breeding colony maintained at the University of Chicago. The colony was established from 20 breeding pairs purchased in spring 2003 from Dr. K. Wynne-Edwards (Queen's University, Kingston, Ontario, Canada). Hamster pups were weaned at 18 to 21 days of age and housed 3 to 4 per cage with same-sex siblings in polypropylene cages (28 × 17 × 12 cm) with wood-fiber bedding (Harlan Sani-Chips, Harlan Inc., Indianapolis, IN, USA) in a 15L:9D light-dark cycle (lights-off at 1800 h Central Standard Time [CST]) until 3 to 4 months of age. Ambient temperature was 20 ± 0.5 °C, and relative humidity was maintained at 51 ± 3%. Food (Teklad Rodent Diet 8604, Harlan Inc.) and filtered tap water were provided ad libitum. Cotton nesting material was constantly available in the cage until aliquoted for nest-building tests (see below). All procedures conformed to the USDA Guidelines for the Care and Use of Laboratory Animals and were preapproved by the Institutional Animal Care and Use Committee (IACUC) of the University of Chicago.
Photoperiod Manipulations and Determination of Photoperiod Responsiveness
Adult (3 to 4 months of age) hamsters were singlehoused on week 0 and either transferred into a shortday photoperiod (9 h light/day, SD; lights-off at 1800 h CST) or remained in their natal long-day photoperiod (15 h light/day, LD). Body mass (±0.1 g) and estimated testis volumes (ETVs) were obtained at predetermined intervals between week 0 and week 10. ETVs were obtained by measuring the length and width of the left testis through the abdominal skin while under light isoflurane anesthesia. ETV is positively correlated with testis weight, circulating testosterone and spermatogenesis (Gorman and Zucker, 1995; Schlatt et al., 1995) . To ensure that the short-day groups consisted only of photoresponsive hamsters (Prendergast et al., 2001) , only hamsters that exhibited evidence of gonadal regression (>70% decrease in ETV as measured on week 10) were included in the experiments. According to this criterion, 15 of 45 (33%) short-day exposed hamsters were identified as nonphotoresponsive and were subsequently removed from the study.
Bacterial and Viral Mimetic Treatments
Drugs and preparation. Bacterial lipopolysaccharide (LPS from E. coli 026:B6; L-2654; Sigma; St. Louis, MO, USA) was reconstituted in sterile 0.9% saline and diluted to a final stock concentration of 0.25 mg/ml. Muramyl dipeptide (MDP [N-Acetylmuramyl-L-alanyl-Disoglutamine hydrate]; A-9519; Sigma) was reconstituted in sterile 0.9% saline to a stock concentration of 4 mg/ml. Polyinosine-polycytidylic acid (PolyI:C; TLRL-PIC; Invivogen; San Diego, CA, USA) was dissolved slowly at 40 o C in sterile 0.9% saline to a stock concentration of 10 mg/ml. All solutions were prepared fresh on the day of administration.
Injection treatments. On week 11 (= treatment day 0), 30 min before lights-off (1730 h CST), hamsters were injected intraperitoneally (i.p.) with LPS (0.625 mg/kg; LD, n = 8; SD, n = 8), MDP (10 mg/kg; LD, n = 8; SD, n = 8), PolyI:C (25 mg/kg; LD, n = 6; SD, n = 6), or sterile 0.9% saline (LD, n = 6; SD, n = 6). Injection volumes ranged from 0.07 to 0.12 ml to account for initial differences in body mass. Each animal received only one injection treatment. LPS dosages were comparable to those used previously in this species (Bilbo et al., 2002b; . MDP and PolyI:C dosages were selected based on the results of a pilot study (data not shown) in which food intake was measured for 24 h in LD-housed male hamsters following treatment with MDP or PolyI:C at concentrations ranging from 1 to 25 mg/kg body weight (BW). As described below, the doses selected correspond to the lowest concentrations effective in inducing anorexic responses relative to saline-treated hamsters.
Dosage considerations. The concentration of LPS used in the present study is a standard dose used to elicit sickness responses in Siberian hamsters (Bilbo et al., 2002a; Prendergast et al., 2004; and is approximately an order of magnitude below the LD 50 for this species (Prendergast et al., 2003) . In preliminary studies, separate groups of adult, long-day housed hamsters were administered different concentrations of MDP (1, 5, or 10 mg/kg) and PolyI:C (1, 10, or 25 mg/kg), and anorexic, somatic, and nestbuilding responses were measured for the next 72 h. The minimal concentrations of MDP and PolyI:C effective for inducing anorexia and cachexia were determined to be 10 mg/kg and 25 mg/kg, respectively (data not shown); thus, these concentrations were selected for the main study.
Direct comparisons between behavioral responses to the dose of PolyI:C used in this experiment and that sufficient for inducing anorexic responses in standard rodent models are problematic, because the concentration used here (25 mg/kg) is lethal in more than 60% of mice (Alexopoulou et al., 2001) . PolyI:C induces anorexia in rats at concentrations more than 10-fold lower than those required to elicit anorexia in hamsters (750 μg/kg; Fortier et al., 2004) . In pilot studies, MDP induced anorexia in hamsters at a concentration (10 mg/kg) well within the range of that required to induce transient and mild (20% decrease over 6 h) anorexia in rats (Lugarini et al., 2005) and mice (von Meyenburg et al., 2004) . In general, the pilot study indicated that Siberian hamsters exhibit behavioral sickness responses to gram-negative bacterial mimetics at concentrations similar to those effective in other rodent species, whereas hamsters appear resistant to the behavioral consequences of gram-negative bacterial and viral infections.
Somatic and behavioral measurements. Four measures of sickness responses-decreases in body mass, anorexia (changes in food intake), anhedonia (changes in consumption of a sodium saccharin solution), and thermoregulatory behavior (changes in nest-building behavior)-were assessed during the 3-day interval following injection treatments. Baseline values for these 4 variables were calculated as the mean of the values for the 3 days immediately preceding injection treatments.
Body mass. Body mass responses were determined by weighing (±0.1 g) hamsters immediately before injection (1730 h) and again at the same time of day on days +1 through +3. Because of the considerable variability in pretreatment body masses within each group, ponderal responses to injection treatments were calculated for each hamster as a percentage change from the individual's baseline (preinjection) body mass.
Food intake. Beginning 5 days before injections (day -5), the contents of each hamster's food bin was weighed (±0.1 g) between 1730 h and 1800 h. Each cage was searched for fallen or cached food pellets, hamsters were assessed for cheek-pouching of food, and the weight of the unconsumed food was recorded. Daily food intake was calculated as the change in weight of the unconsumed food during the preceding 24-h interval. Mass-specific food intake was calculated for each hamster as the quantity of food (in g) consumed in a given 24-h interval divided by the hamster's mean body mass during that interval. Food intake measurements continued daily through day +3. Food-caching behavior was not assessed.
Saccharin intake. Also beginning on day -5, for the first 6 h of the dark phase (1800 h to 2400 h), hamsters had access to an additional, drip-resistant fluid bottle containing 0.1% sodium saccharin (S-1002; Sigma) dissolved in filtered tap water. The ingestion of a highly palatable saccharin solution is a standard assay for changes in hedonic tone; in animal models, decreases in saccharin ingestion are considered indicative of anhedonia (Anisman et al., 2002) . A common sickness behavior (Hart, 1988) , anhedonia conserves energy and contributes to behavioral inactivity by decreasing the rewarding value of various environmental stimuli (e.g., food, water, sex), rendering sick animals less likely to engage in activity motivated toward seeking these stimuli (Hart, 1988) . Water and saccharin bottles were weighed (±0.1 g) before (1800 h) and after (2400 h) presentation. Massspecific saccharin intake was calculated for each hamster as the quantity (in mg) of 0.1% saccharin solution consumed divided by the hamster's body mass (BW) on that day. The 0.1% concentration was selected based on results of a pilot study conducted in male Siberian hamsters indicating a significant preference for this concentration of saccharin over tap water using the above paradigm (p = 0.01, data not shown). Saccharin presentation continued in the same manner nightly through day +3.
Nest material use. Beginning 5 days before injections (day -5), each hamster was given a small piece of compressed cotton batting (~3 g) coincident with the onset of the dark phase. Hamsters typically shred this cotton to construct a small nest within the first few hours after the offering. Unchewed cotton was weighed before and again 6 h after presentation to assess nestingmaterial use . Nest-building behavior assessed in this manner is a valid measure of thermoregulatory behavior. Energetic challenges increase the use of nesting material (Puchalski et al., 1988; Kauffman et al., 2003) , and the availability of a nest reduces food intake in this species (Kauffman et al., 2003) .
Statistical Analyses
Body mass and ETV values from weeks 0 through 10 were analyzed using repeated-measures ANOVA, with photoperiod (LD, SD) as the between-groups variable. Changes in mass-specific food intake, body mass, mass-specific saccharin intake, and nesting-material use were analyzed separately for each antigen treatment using a 2 (LD, SD) × 2 (antigen, saline) repeated-measures ANOVA. If justified by significant F-statistics, planned pairwise comparisons were made using Fisher's PLSD test and t-tests, where appropriate. Differences between means were considered statistically significant if p ≤ 0.05. Exact probabilities and test values were omitted for simplicity and clarity of the presentation of the results.
RESULTS
Responses to Photoperiod
Ten weeks of SD treatment induced the expected decreases in body mass and testis size (p < 0.05, both comparisons; Table 1 ). As reflected by baseline measurements before day 0, food intake was reduced in SD relative to LD hamsters (p < 0.05), but mass-specific food intake was comparable among photoperiod groups (Table 1) . Total saccharin intake and massspecific saccharin intake were significantly higher in SD relative to LD hamsters (p < 0.05, both comparisons), although absolute and relative measures of water intake indicated comparable-values groups (p > 0.05, all comparisons; Table 1 ). Nesting material use was also significantly higher among SD hamsters (p < 0.05; Table 1 ).
Effects of Photoperiod on Sickness Responses
Food intake. Food intake was significantly inhibited in both LD and SD hamsters following LPS treatment ( Figure 1) . As expected, the inhibitory effect of LPS on food intake was significantly greater in LD relative to SD hamsters. Food intake in LPS-treated SD hamsters differed from those of saline-treated SD hamsters only on day +1 (p < 0.05), whereas anorexic responses were still evident in LD hamsters through day +3 (p < 0.05). MDP produced a transient suppression of food intake for 24 h following treatment (Figure 1) . In LD hamsters, food intake was significantly reduced on day +1 after MDP treatment (p < 0.05). At no time following treatment was food intake suppressed among SD MDP-treated hamsters (p > 0.05, all comparisons). PolyI:C inhibited food intake in both LD and SD hamsters, but anorexic responses to PolyI:C were significantly attenuated in SD relative to LD hamsters (Figure 1 ). SD-PolyI:C hamsters exhibited a significantly smaller reduction in food intake on day +1 as compared to LD hamsters (p < 0.05), and food intake was restored to values that were comparable to those of saline-treated hamsters within 24 to 48 h after treatment (p > 0.05). In contrast, anorexia was still evident among LD-PolyI:Ctreated hamsters through day +3 (p < 0.05, all comparisons).
Body mass. Both LD and SD hamsters exhibited the expected decreases in body mass following LPS treatment ( Figure 2) . Decreases in body mass were comparable in magnitude on day +1 and day +2, but on day +3, somatic responses were significantly greater among LD relative to SD hamsters (p < 0.05). MDP treatment resulted in a significant decrease in body mass among LD hamsters on day +1 (p < 0.05; Figure 2) . At no other time after injection were body-mass responses to MDP evident in LD or SD hamsters (p > 0.05, all comparisons). Among PolyI:C-treated hamsters, the magnitude and persistence of somatic responses were greater in LD relative to SD hamsters ( Figure 2) . Decreases in body mass were evident in LD-PolyI:C hamsters on days +1 through +3 (p < 0.05, all comparisons), whereas significant decreases in body mass were only apparent in SD-PolyI:C hamsters on day +2 and +3 (p < 0.05, both comparisons). Relative to SD hamsters, decreases in body mass were greater in LD hamsters on day +2 and +3 (p < 0.05, both comparisons).
Saccharin intake. Relative to saline-treated controls, LPS treatments suppressed saccharin consumption in LD hamsters on intake trials beginning on the night of injection and continuing through day +2 (p < 0.05, all comparisons; Figure 3 ). In SD hamsters, LPS suppression was only evident in the day +1 trial (p < 0.05). MDP-treatments did not suppress saccharin intake of hamsters in either photoperiod during any of the trials that followed injections (p > 0.05, all comparisons; Figure 3) . PolyI:C treatments suppressed saccharin intake in LD hamsters in trials conducted on day +1 and day +2 (p < 0.05, both comparisons), whereas saccharin intake was only suppressed in SD-PolyI:C hamsters on day +1 (p < 0.05; Figure 3 ).
Nest building. LPS suppressed nesting-material use in LD hamsters on the night of injection and on day +1 (p < 0.05, both comparisons; Figure 4 ), whereas this behavior was only suppressed in SD-LPS hamsters on day +1 (p < 0.05). MDP suppressed nesting-material use only in LD hamsters and only in the trial conducted on day 0 (p < 0.05; Figure 4) . PolyI:C treatments did not suppress nest-building behavior of hamsters in either photoperiod during any of the trials that followed injections (p > 0.05, all comparisons; Figure 4 ). 
DISCUSSION
Treatment with grampositive bacterial, gramnegative bacterial, or viral mimetics caused ingestive, hedonic, somatic, and thermoregulatory sickness behaviors in Siberian hamsters. Among hamsters housed in long photoperiods, simulated gramnegative bacterial infections (following LPS treatment) elicited anorexia, body mass decreases, anhedonia, and suppressed nest-building behavior (cf. Bilbo et al., 2002b) . Similar ingestive and somatic responses were elicited by simulated viral infections (PolyI:C) in long-day hamsters, and transient anorexic and nest-building responses were observed following simulated grampositive bacterial infections (MDP). Regardless of the eliciting pathogen, in every instance in which sickness behaviors were observed among long-day hamsters, exposure to short photoperiods attenuated their magnitude and/or persistence. The data indicate that the short-day attenuation of the APR is not idiosyncratic to gram-negative bacterial infections but rather may be characteristic of many innate immune responses. Although viral and bacterial pathogens often differ seasonally in their prevalence , the present which photoperiod regulates behavioral responses to infection. In summary, hamsters exhibited sickness behaviors to 3 structurally distinct pathogen mimetics. In no case was responsiveness to a given pathogen suppressed under long days, and in no instance in which a sickness behavior was observed did exposure to short days fail to mitigate its magnitude. The data indicate that energetically costly sickness responses to mimetics representing several classes of infectious organisms are attenuated in anticipation of winter, consistent with predictions of the winter immunoenhancement hypothesis.
